Abstract
Introduction

26
Macrophages and neutrophils phagocytose microorganisms to remove them from blood and 27 tissues. As the phagosome matures the multisubunit NADPH oxidase assembles on its 28 membrane and reduces O2 to generate superoxide in the lumen of the phagosome (Karimi et al., Figure 1 Perforin-2 limits the survival of phagocytosed bacteria independent of ROS.
As indicated PEM or peritoneal neutrophils were isolated from wild-type and Perforin-2 -/-(KO) mice and stimulated with IFN-γ for 14 hours prior to infection with (AB) wild-type S. typhimurium strain GPM2004, or (CD) strain ST188 [sodCI::kan]. Gentamicin was used to eliminate extracellular bacteria and intracellular bacteria were enumerated by plating cellular lysates. Means and standard deviations are shown; n = 3. *P ≤ 0.05, Student's t test One of the aforementioned studies also investigated the relationship between reactive oxygen 98 species (ROS) and Perforin-2 and concluded that the bactericidal activity of ROS was dependent typhimurium -relative to mock treated cells-in wild-type but not Perforin-2 deficient PEMs.
true the respiratory burst would be deficient in Perforin-2 -/-phagocytes and would account for 118 the survival of S. typhimurium sodCI mutants in Perforin-2 deficient phagocytes.
119
To determine whether or not Perforin-2 is required for ROS production a luminol based 120 chemiluminescence assay was used to quantify ROS productions in IFN-γ primed PEMs, 121 peritoneal macrophages isolated without thioglycollate stimulation, and neutrophils from wild-type 122 and Perforin-2 knockout mice. We found that ROS production was equally robust in wild-type and
123
Perforin-2 -/-macrophages that were stimulated with PMA or LPS ( Figure 2AB ). The kinetics of 124 ROS production was also similar as macrophages of both genotypes exhibited peak ROS 125 production at 60 min. To confirm that the chemiluminescent signal was due to ROS production by 126 a NADPH oxidase, phagocytes were pretreated with diphenyleneiodonium chloride (DPI); an 127 inhibitor of NAPDH oxidases. As expected DPI treated cells produced negligible amounts of ROS
128
( Figure 2 ). Likewise, ROS production was also negligible in unstimulated macrophages (data not Figure 2 Perforin-2 is not required for ROS production in phagocytes.
As indicated wild-type and Perforin-2 -/-(KO) peritoneal (A,B) macrophages and (C,D) neutrophils were stimulated with PMA or LPS to elicit ROS production which was detected by luminal based chemiluminescence. An enhancer was added to amplify chemiluminescence when macrophages were used. As indicated some cells were also treated with DPI, an inhibitor of the phagocytic NAPDH oxidase. ROS activity is reported as mean relative light units (RLUs) ± SD; n = 3. *P ≤ 0.05, Student's t test.
SodCI and SodCII are functionally redundant in Perforin-2 -/-phagocytes.
136
Having excluded the possibility that Perforin-2 deficiency results in impaired ROS production, we 137 next considered the possibility that S. typhimurium sodCI mutants are resistant to ROS in 138 Perforin-2 deficient but not proficient phagocytes. As the genome of S. typhimurium encodes a 139 second periplasmic superoxide dismutase (SodCII) we considered the possibility that it provides 140 resistance to ROS in Perforin-2 -/-phagocytes even though previous studies have concluded that Figure 1CD ), the ∆sodCI sodCII::kan strain was killed by both Perforin-2 +/+ and -/-phagocytes ( Figure 3AB ). Moreover, treatment with the NADPH oxidase inhibitor DPI 147 demonstrated that killing of the double mutant was ROS dependent in both Perforin-2 +/+ and -/-148 PEMs (Figure 4) . Complementation of the double mutant with sodCII allowed the complemented 149 strain to proliferate in Perforin-2 -/-but not wild-type phagocytes ( Figure 3CD) Inhibition of ROS production allows a ∆sodCI ∆sodCII mutant to proliferate intracellularly.
PEMs from wild-type and Perforin-2 -/-(KO) mice were stimulated with IFN-γ 14 h prior to infection. As indicated some cells were also treated with DPI 30 min before infection with S. typhimurium strain ST189 [ΔsodCI sodCII::kan]. Gentamicin was used to eliminate extracellular bacteria and intracellular bacteria were enumerated by plating cellular lysates. Means and standard deviations are shown; n = 3. We also examined the degradation of the three bacterial antigens at earlier time points. Because 181 these experiments required significantly more phagocytes we used BMDM which can be obtained 182 at higher yields than PEMs. As with PEMs extracellular flagellin was efficiently degraded in both 183 wild-type and Perforin-2 -/-BMDM ( Figure 5C ). There was also apparent degradation of both Figure 5D ). The degradation of DnaK also appears to lag that 188 of SodCII; although, it is unclear if this is due to differences in protease accessibility and/or 189 susceptibility. Differences in expression may also contribute to the apparent differences in SodCII is functional in Perforin-2 knockout but not wild-type mice.
Wild-type (WT) and Perforin-2 -/-(KO) mice were inoculated by i.p. injection with S. typhimurium wild-type strain GPM2004 and (A) ΔsodCI::kan strain ST188, (B) ΔsodCI ΔsodCII::kan strain ST189 or (C) ΔsodCI ΔsodCII::kan sodCII + strain GPM2008 at a 1:1 ratio. Organs were harvested 4 days post infection and strains enumerated on selective media. Competitive indices are derived from the ratios of mutant strains to wild-type strains with compensation for any differences in inocula. Medians and standard deviations are indicated by horizontal bars. *P ≤ 0.05, n = 5-11. Student's t test. In aggregate these studies demonstrate that the subcellular distribution of Perforin-2 is 241 consistent with its ability to facilitate the destruction of phagocytosed bacteria.
242
Although most phagocytosed bacteria are rapidly killed some are able to resist phagocytic we have found that a sodCI null mutant is able to proliferate in Perforin-2 deficient phagocytes.
255
Moreover the sodCI null mutant is as virulent as wild-type S. typhimurium in Perforin-2 deficient -256 but not proficient-mice. Because we have found that the production of phagocytic ROS is 257 independent of Perforin-2, the survival of the sodCI mutant is not due to differences in ROS 258 production. Rather it is due to the persistence of SodCII, a second periplasmic superoxide the latter study the authors also noted that the loss of CRAMP failed to fully abolish the 311 degradation of SodCII. Our study suggest that this is most likely due to the activity of Perforin-2.
312
Although it is clear that Perforin-2 and cathelicidins can act independently of one another, it 313 remains to be determined if they also act synergistically. In the case of gram-negative bacteria a 314 particularly intriguing model is the possibility that Perforin-2 forms a conduit in the outer 129X1/SvJ and Perforin-2 -/-mice of either sex were used at 2 to 6 months of age. Mice received food and water ad libitum and were housed at an ambient temperature of 23°C on a 12 h 326 light/dark cycle under specific pathogen-free conditions. Mice were euthanized by CO2 inhalation 327 followed by cervical dislocation. All procedures with animals were reviewed and approved by the were cultured in Luria-Bertani (LB) broth or plates. As appropriate antibiotics were used at the 353 following concentrations: chloramphenicol, 10 µg/ml; ampicillin, 100 µg/ml; kanamycin, 50 µg/ml; 354 tetracycline 7.5 µg/ml.
355
Cell preparation. Peritoneal exudate macrophages (PEMs) were isolated as previously described 
374
Overnight cultures of bacteria were diluted 33 fold in LB and cultured aerobically at 37°C for 3 375 hpurs to mid-log at which point the optical absorbance of the culture at 600nm was ca. 0.6.
376
Bacteria were added at a multiplicity of infection (MOI) between 20 to 50 and plates incubated for Sonawane, A., Santos, J.C., Mishra, B.B., Jena, P., Progida, C., Sorensen, O.E., Gallo, R., 
